Abstract Observations from the jôkulhlaup from Grimsvôtn in Vatnajôkull, southeastern Iceland, in 1996 indicate that the jôkulhlaup was initiated by the movement of a localised pressure wave that travelled 50 km in 10 h from Grimsvôtn to the terminus, forming a subglacial pathway along the glacier bed. Shortly after this wave reached the terminus, the jôkulhlaup was flowing at a high discharge through a tunnel that would have needed much longer time to form by ice melting as assumed in existing theories of jôkulhlaups. Frozen sediments formed in crevasses and frazil ice on the surface of the flood waters indicate the flow of supercooled water in the terminus region, demonstrating that the rate of heat transfer from subglacial flood water to the overlying ice is greatly underestimated in current theories.
INTRODUCTION
Jôkulhlaups from the subglacial lake Grimsvôtn in Vatnajôkull, southeastern Iceland, are an interesting subject for scientific investigation. These jôkulhlaups have often caused substantial damage to farmland, roads and communication lines and disrupted travel between the inhabited areas to the east and west of the Skeiôarârsandur outwash plain. Data about floods from Grimsvôtn have been used in important studies of the physics of jôkulhlaups and they are probably more studied than jôkulhlaups from any other location in the world. A general description of jôkulhlaups from Grimsvôtn is given by Mrrarinsson (1974) and Bjôrnsson (1974 Bjôrnsson ( , 1988 .
The jôkulhlaup from Grimsvôtn in 1996 ( Fig. 1 ) was caused by a subglacial volcanic eruption north of Grimsvôtn (Guômundsson et al., 1997) . The flood started more abruptly and reached higher discharges than jôkulhlaups from Grimsvôtn have done in recent The extent of the 1996 jôkulhlaup on the Skeiôarârsandur outwash plain at approximately 24:00 h on 5 November 1996 near the time of maximum discharge is also shown (based on Snorrason et ah, 1997) .
decades. The maximum discharge out of the reservoir was estimated somewhat less than 40 x 10 J m J s" 1 (Bjôrnsson, 1997) and the maximum flood at the terminus slightly above 50 x 10~ m J s" 1 (Snorrason et al, 1997) . In spite of the many previous studies of the physics of jôkulhlaups from Grimsvôtn, several aspects of the jôkulhlaup in 1996 were unexpected and highlight a need to improve existing theories. Although the discharge of most jôkulhlaups from Grimsvôtn rises almost exponentially over a period of a week or more, several events are known to have started abruptly as the 1996 jôkulhlaup, although less rapidly, e.g. in 1861 , 1892 and 1938 (Mrarinsson, 1974 . The abrupt rise of the discharge in these jôkulhlaups, which was sometimes preceded by a period of much slower rise, indicates that two different physical processes may be important during the start of jôkulhlaups. Slowly rising jôkulhlaups then correspond to a balance between melting of ice and release of potential energy described by traditional jôkulhlaup theories whereas rapidly rising jôkul-hlaups would be governed by a fundamentally different physical mechanism (Snorrason et al., 1997; Bjôrnsson et al., 2001) .
Rapidly rising jôkulhlaups do not only occur in Grimsvôtn. Jôkulhlaups from the ice cauldrons Skaftârkatlar in western Vatnajôkull (Bjôrnsson, 1977 (Bjôrnsson, , 1992 Zôphôniasson & Pâlsson, 1996) and in the rivers Jôkulsâ a Sôlheimasandi from Myrdalsjôkull, southern Iceland (Sigurôsson et al, 2000; Roberts et al, 2000a) , Kreppa from the marginal lake Hnûtulôn on the northern side of Vatnajôkull and Kotâ at Kotârjôkull in Ôraefajôkull, southern Vatnajôkull (O. Sigurôsson, personal communication) , Jôkulsâ a Fjôllum and Jôkulsâ i Fljôtsdal on the northern side of Vatnajôkull (Sigurôsson et al., 1992) have also risen rapidly, that is to several hundred or thousand m 3 s" 1 over a time interval of several hours to 1-2 days.
Large jôkulhlaups caused by volcanic eruptions in the Katla volcano in Myrdalsjôkull are reported to rise extremely rapidly. The 1918 event reached an estimated maximum discharge of about 300 x 10 J m J s ' in only a few hours and lasted less than a day (Hannesson, 1934; Tômasson, 1996) . Smaller jôkulhlaups from the Katla area in 1955 (Thorarinsson, 1957; Rist, 1967) , in Vatnsdalslon, southeastern Vatnajôkull, in 1898 (Thorarinsson, 1939) , and in Jôkulsâ â Fjôllum on 24 and 25 March 1726 (Mrarinsson, 1950; Isaksson, 1985) are reported to have reached a maximum of several thousand to tens of thousand m' s" 1 within less than an hour to less than a day.
All these jôkulhlaups, including the 1996 event, are difficult to explain with traditional theories. The traditional theories have in fact never been used in an analysis of the well known jôkulhlaups from Myrdalsjôkull because it was clear that the sudden, catastrophic floods from Katla are outside the scope of the theories. The rapidly rising jôkulhlaups are large and small and come from both subglacial and marginal lakes at many different locations. Only some of them were induced by volcanic eruptions.
The extensive available observations from the 1996 event, discussed in this paper (Haraldsson, 1997) , give valuable indications of improvements that are needed in existing jôkulhlaup theories. A new mechanism for a rapid initiation of jôkulhlaups is suggested, applicable to rapidly rising jôkulhlaups at Grimsvôtn and other locations.
TRADITIONAL THEORY OF JÔKULHLAUPS
The traditional theory of jôkulhlaups was developed by Nye (1976) . In its simplest form, it describes a water flood from a reservoir to the terminus of a glacier through a subglacial tunnel of fixed geometry and cross-sectional area along the longitudinal axis. Furthermore, the potential gradient (-dty/ds) = (~~d(p w gzi, + p M )/ds) driving the flow is assumed to be constant along the tunnel. The terms s and z/, in this expression for 0 are the distance along the floodpath and the altitude of the bedrock, respectively, p" is the density of water, g is the acceleration of gravity and p w is the subglacial water pressure. During the rising phase of the flood, the tunnel is steadily enlarged by melting. The melting is driven by the loss of potential energy in the flow and, in the case where the reservoir temperature is above the melting point of ice, also by the initial thermal energy of water in the reservoir. The increasing size of the tunnel enables it to carry an ever increasing discharge of water, which leads to a steady increase in the cross-sectional area of the tunnel. This positive feedback mechanism can be formulated as a set of differential equations of dynamics and thermodynamics of the flood. During the initial phase of the jôkulhlaup, these equations can be simplified to an ordinary differential equation for either the tunnel cross-sectional area, S, or the discharge, Q:
The coefficients k x and &, are given by:
where Ax is the length of the tunnel, Az is the vertical height difference from the water level in the reservoir to the glacier terminus, p, is the density of ice, L is the latent heat of melting, R is the hydraulic radius of the tunnel and ri is Manning's roughness coefficient. Assuming a cylindrical tunnel and with n in the range 0.05-0.1 m" 1 ' 3 s (Nye, 1976, and Bjôrnsson, 1992 , used a value close to 0.1 m" 13 s in their analyses), the coefficients k\ and k 2 for jôkulhlaups from Grimsvôtn are both of the order of 10 6 with the units m 2h s' 1 for k\ and m" ,/4 s" j/4 for k 2 (Ax = 50 km, Az = 1390 m at the beginning of the 1996 jôkulhlaup; the water level fell by 175 m during the jôkulhlaup).
The equations (1) have the solutions:
(3) Nye (1976) showed that these equations explain the shape of the rising part of the hydrograph of the jôkulhlaup from Grimsvôtn in 1972 remarkably well, leaving little doubt that the theory represents an essential part of the physics of many jôkulhlaups. Equations (1) and (3) ignore the effect of the initial thermal energy of the flood water, the lowering of the water level in the reservoir and variations in the discharge along the tunnel. Tunnel closure due to ice overburden in excess of the water pressure in the tunnel in the later stages of the jôkulhlaup is also ignored. The combined effect of melting and ice flow on the evolution of the tunnel cannot be studied analytically. Spring & Hutter (1981) relaxed many of the simplifying assumptions made by Nye (1976) and used numerical methods to solve a more complete set of differential equations where these effects are included simultaneously. The theory was further developed and applied to jôkulhlaups at other locations by Clarke (1982) , Bjôrnsson (1992) , Fowler & Ng (1996) , Szilder et al. (1997) and Elvehoy et al. (2002) using different simplifying assumptions and numerical methods but maintaining essentially the same theoretical framework as introduced by Nye (1976) . Fowler (1999) discussed the 1996 event within the framework of Nye's theory, mainly concentrating on the water level in the lake required to initiate the jôkulhlaup. He concluded that Nye's model "provides a robust explanation of the various puzzles associated with flood initiation", apparently including the 1996 jôkulhlaup, in sharp contrast with the conclusions reached in the present paper.
As described above, Nye's (1976) original analysis attributes the rising part of the hydrograph of a jôkulhlaup to a positive feedback between water flow and tunnel enlargement, whereas the falling part of the hydrograph is associated with the collapse of the tunnel due to ice pressure or the emptying of the reservoir. It may be noted that a possible contribution of diverging ice movement due to water pressure in excess of ice overburden to the tunnel enlargement and the rise of the discharge during the start of the flood is not considered in Nye's analysis. This effect was not excluded by an analysis of the equations; rather, it was eliminated by the simplifying assumptions employed.
The time scale of the initial rise of the jôkulhlaup hydrograph may be analysed using equations (3), from which it follows that the variables S and Q increase by a factor e ~ 2.7 over time periods approximately given by:
The e-folding time scales are close to each other and they slowly become shorter as the discharge increases. The discharge time scale changes only by a factor of 2 when the discharge changes by a factor of 16. Thus, the discharge increases almost exponentially with a time scale in the approximate range 1-4 days for Q between 10 2 and 10 4 mV (with n in the range 0.05-0.1 nf 1 " s). Typical maximum discharges of historical jôkulhlaups described in the literature are in the range 1-100 x 10 3 m 3 s" 1 (î>ôrarinsson, 1974; Bjôrnsson, 1992; Tômasson, 1996) , with prehistoric jôkulhlaups ranging up to 10 5 -10 7 m 3 s" 1 (Waitt, 1980; Baker & Bunker 1985; Tômasson, 1973) . Considering that the discharge typically increases by a factor of at least 10 2 -10 3 during the course of a jôkulhlaup, Nye's jôkulhlaup theory predicts that the rising part of hydrographs of jôkulhlaups from Grimsvôtn has a length of approximately a week or more, and this has been observed to be the case for most jôkulhlaups there.
The predicted time until maximum discharge is different for different reservoirs depending on the length of the subglacial floodpath, the elevation difference between the water level in the reservoir and the outlet at the glacier terminus, and on the reservoir temperature. In most cases, Nye's theory, and its further developments, predict that the discharge increases almost exponentially over a time period of the order of days or weeks (unless of course the reservoir empties before this occurs). These theories are therefore unable to account for abrupt jôkulhlaups where the discharge rises to similar levels in a day or even a few hours.
LESSONS LEARNED FROM THE GRIMSVÔTN 1996 JÔKULHLAUP

Rapid rise of the discharge
The rapid rise of the discharge in the 1996 event is one of its most interesting and perhaps unexpected features. The outflow from the reservoir started about 10 h before the flood reached the terminus and during this time about 0.6 km 3 of water accumulated below the glacier (Bjôrnsson, 1997) . The discharge at the terminus reached its maximum of about 50 x 10 3 m 3 s" 1 only about 16 h after the flood wave burst out from the terminus (Snorrason et al, 1997) . As noted by Bjôrnsson et al (2001) , the rapid rise cannot be explained by a positive feedback between water flow and tunnel enlargement because the released frictional heat can only account for a fraction of the required conduit size. The potential energy corresponding to the 0.6 km 3 of water that accumulated below the glacier before the flood reached the terminus could only have melted 0.013 km 3 of ice (assuming for simplicity uniform distribution of water with a uniform potential gradient over the 50-km-long floodpath).
As further discussed below, the initial thermal energy of the water in the reservoir did not contribute significantly to the formation of the subglacial pathway away from the lake. Melting of ice by potential energy released from the flood water only explains about 2% of the volume of the subglacial pathway that was formed during the first 10 h of the flood before the flood wave reached the terminus. The total potential energy of all the 3.6 km 3 of flood water is sufficient to melt 0.16 km 3 of ice (assuming an average fall of 1350 m). This is still only about 25% of the volume of subglacial water storage during the first 10 h of the flood. This clearly demonstrates that ice melting was not the main process responsible for the formation of the subglacial pathway. Ice flow induced by water pressure higher than ice overburden, which is traditionally assumed to be important only at the end of the flood, thus seems to be the most important process during the start of the 1996 event.
Indications of high water pressure at the start of the jôkulhlaup
The 1996 jôkulhlaup burst through several hundred metres thick ice at many locations near the terminus ( Fig. 1) (Snorrason et al, 1997; Roberts et al, 2000c) . According to Bjôrnsson's et al. (1999) map of ice thickness of Skeiôarârjôkull, the ice thickness is 300-350 m in the highest part of the easternmost of these outbursts above Skeiôarâ and in the area of an outburst that occurred near the centreline of the glacier at a distance of about 4 km from the terminus. The ice is thinner at the highest point of the outburst through the glacier above Gigjukvisl where the thickness is 150-200 m. The outbursts of flood water through the glacier took place from about 07:00 to 16:00 h on 5 November 1996 and occurred progressively from east to west (Fig. 1) . The outbursts seem to have been relatively short-lived at each location compared with flow from the terminus outlets. The highest outburst near the centreline did not last long enough for the water that flowed out to reach the terminus and combine with the main flood. The flow through the main supraglacial outlets above Gigjukvisl was over in 2-3 h and the flow through the westernmost supraglacial outlets lasted for less than an hour. By 17:00 h, discharge from all surface outlets had ceased apart from two isolated fractures a short distance above Gigjukvisl (Roberts et al, 2000c) and flood waters were flowing from fractures and terminus outlets along the entire 23 km long margin of Skeiôarârjôkull.
Since the glacier bed is comparatively flat in the downstream direction in this region, an outburst to the surface must be driven by basal water pressure in excess of the weight of a water column from the bed to the ice surface. The jôkulhlaup water carried a large amount of suspended sediments, estimated as more than 180 x 10 6 t by Snorrason et al. (1997) . That is, the average density was higher than for water, by more than 3%. The initial sediment concentration was much higher than the average (the first sample collected at 09:25 h yielded at least 120 g 1"
1
) and the density of the initial outburst may be assumed to have been at least 5-10% higher than that of water.
The difference in density between the flood water and ice over the more than 300-m-thick glacier corresponds to a pressure difference (water pressure minus ice overburden) of 4-6 bars (0.4-0.6 MPa). Additionally, there are indications that the water penetrated the glacier surface with a high pressure, as blocks of ice the size of several storey buildings were scattered over large distances in the areas of the outbursts. Ice blocks with diameter of 30 m or more were excavated from the upglacier side of the fractures and transported downglacier with the flood. This indicates a pressure of several bars near the surface of the glacier. Furthermore, additional pressure head is needed to overcome the frictional resistance to the flow through crevasses extending from the bed to the surface. This additional pressure head is not easily estimated, but it could be of the order of 1-2 bars if the potential gradient along a 300-600-m-long floodpath through slanting crevasses is similar to the average potential gradient from Grimsvôtn to the terminus (about 0.028 gp".).
These observations indicate water pressure 5-10 bars above ice overburden in the terminus region during the start of the jôkulhlaup. The short duration of the outbursts, in particular the outburst near the centreline of the glacier, indicates that the highest pressures were maintained for a relatively short period of time when the flood wave hit the terminus region. The progressive forming of the outbursts from east to west indicates the propagation of a subglacial pressure wave at the front of the jôkulhlaup.
The formation of a 400-m-long double embayment with 20-25-m-high ice walls in the terminus of Skeiôarârjôkull at Gigjukvisl during the 1996 jôkulhlaup (Russel et al, 1999; Russel & Knudsen, 1999a,b) is another indication of high water pressures in the terminus region. Similar features have been observed for other jôkulhlaups. The 1861 jôkul-hlaup from Grimsvôtn is for example reported to have cut a slice ("snydda" in Icelandic) from the entire terminus of Skeiôarârjôkull (t>ôrarinsson, 1974) indicating a widespread break-up of the terminus. A spectacular break-up of this kind occurred during the 1918 Katla jôkulhlaup when a gorge of 1-2 km length, several hundreds of metres width and more than 100 m depth was cut into the Kôtlujôkull outlet glacier (Tomasson, 1996) .
Long crevasses were observed on Skeiôarârjôkull in the floodpath of the 1996 jôkulhlaup about 20 km below Grimsvôtn (O. Sigurôsson, personal communication) and a swarm of linear fractures was observed about 7 km upstream from the terminus (Roberts et al, 2000c) . These features indicate a movement of the 500-600-m-thick glacier during the start of the flood. However, no flood water reached the surface. Water pressure 7-11 bars in excess of ice overburden is needed for flood water to penetrate through open fractures to the surface of the ice in these regions. The movement of the glacier, which is demonstrated by the formation of the crevasses, and extensive hydrofracturing of the glacier ice in the lower parts of the floodpath, indicate that flood water would have reached the ice surface if the water pressure had exceeded approximately 10 bars above ice overburden in this area.
The propagation of a wave of high pressure during the start of the 1996 event has no counterpart in traditional theories of jôkulhlaups where a spatially uniform potential gradient is assumed to drive the flood through a tunnel of uniform cross-sectional area along its axis. In particular, traditional theories cannot explain the lowering of the water pressure in the terminus area after the initial phase of the jôkulhlaup when the discharge was still rising rapidly.
Rapid heat transfer from the subglacial flood water to the overlying ice
The 1996 jôkulhlaup from Grimsvôtn melted a 100-m-deep, 1-km-wide and 6-km-long canyon in the ice cap along the uppermost part of the floodpath (Bjôrnsson et al, 2001) . This phenomenon has interesting implications for the thermodynamics of jôkulhlaups. The dimensions of the canyon were interpreted by Bjôrnsson such that flood water with an initial temperature of about 8°C released essentially all its thermal energy within 6 km of the floodpath, melting 0.3 knr' of ice to form the canyon. This implies a high rate of heat transfer. Elongated depressions with a length of 2-5 km, which may in part be formed by repeated jôkulhlaups, have been observed near the Skaftârkatlar ice cauldrons. The depressions are persistent features in the glacier landscape and are visible on photographs and satellite images from recent decades. Surface crevasses near the edges of the depressions, possibly indicating ice flow towards a subglacial tunnel after a jôkulhlaup, were observed in this area after jôkulhlaups from the cauldrons in August 2000 (O. Sigurôsson, personal communication) . The length of these depressions indicates that the initial thermal energy of the flood water is lost over a relatively short distance of the floodpath.
The thermodynamics of jôkulhlaups are described in Nye's (1976) theory with two equations which may be combined into the following equation: This equation describes the balance of heat transfer from water to ice (the term on the left-hand side), heat generated by loss of potential energy in the flow (first term on the right-hand side) and heat stored in the flood water (second term on the right-hand side). The heat transfer term in the equation is derived from an empirical expression for heat transfer in fluid flow in cylindrical pipes. The temperature of the ice, 9" may be assumed to be equal to the melting point of ice that can be expressed as 0/ = -C J D". where C = 7.4 x 10~8 K Pa ' (Hobbs, 1974; Paterson, 1994) , yielding a pressure melting point in the range -0.5 to -0.2°C below most of Skeiôarârjôkull. The water flowed through the part of the floodpath where the ice canyon formed in about one hour, whereas the flood lasted for more than a day. Therefore, it is reasonable to assume that the contribution of the spatial derivative ud/ds in D/dt in equation (5) is much more important than that of the temporal derivative d/dt. Then the temperature profile along the uppermost part of the path is approximately given by the solution of a steady version of equation (5): ^L+-L(e B .-e,.) = ^-(e,-e 1 .)
as K B A e where XQ is a length scale over which a temperature difference between water and ice is reduced by a factor e ~ 2.7 if no heat is generated by loss of potential energy in the flow which is represented by the right-hand side of equation (6); and Q e is an asympt-otic temperature which would be reached if the water flows in a uniform channel over a distance many times longer than X%. The terms X$ and Q e are given by: 
where K". = A:"./(p".c".) is the thermal diffusivity of water and (-3(|>/9s) in the canyon has been approximated by the average potential gradient along the whole floodpath, gp w (Az/Ax), for simplicity. A schematic graph of the solution 6". to equation (6) explaining the meaning of Q e and ^e is shown in Fig. 2 . For values of Q between 10 J and 10 3 m J s" 1 and n in the range 0.05-0.1 m" l/j s, equation (7) yields a length scale of X% between 25 and 300 km, and Q e -6, in the interval 1.6-19°C; XQ is longer than 100 km and 6 e -9; is higher than 6°C for Q = 20 x 10 3 m' s" 1 for this range of n. The values of XQ and Q e -0, are surprisingly high, considering that the potential energy of water flowing from Grimsvôtn to the terminus corresponds to only 3.2°C. The average discharge out of Grimsvôtn during the first 10 h of the flood was about 17 xlO 3 m 3 s" 1 and the discharge increased rapidly after that. The 6-km canyon clearly indicates a length scale of only a few kilometres for a reduction in the flood water temperature by a factor e ~ 2.7. Thus, the observations from the 1996 jôkulhlaup demonstrate a discrepancy of between one and two orders of magnitude between the observed and predicted rates of heat transfer from the flood water. The high predicted value of Q e -0, is in a similar disagreement with observations at the terminus, as described below.
There is little doubt about the validity of the two terms on the right-hand side of equation (5) the flood water. Furthermore, one can assume that the heat transfer term on the lefthand side of the equation is proportional to the temperature difference between the flood water and the surrounding ice. Thus, equation (6) may hold for jôkulhlaups and the discrepancy between observations and theory arises from the expression (7) for the length scale X&. Therefore, it makes sense to discuss the observations of the 1996 event in terms of equation (6) and interpret them as evidence for a much shorter Àe than given by Nye's theory.
The discrepancy between observations of rapid heat transfer and theories is different from the failure of the traditional theories to explain the rapid rise of the discharge and the high subglacial water pressures, described before. The rapid rise and the high water pressures indicated that the 1996 jôkulhlaup differed from many other events where the traditional theories provide an adequate description. The observations of the rapid heat transfer are of a more general nature because there is no reason to believe that the heat transfer in the 1996 jôkulhlaup was in principle different from the heat transfer in other events. Therefore, these observations indicate that the description of heat transfer in Nye's (1976) theory of jôkulhlaups is fundamentally flawed and does not hold for conditions that exist during jôkulhlaups or in subglacial water flow in general. Nye (1976) made the simplifying assumption that potential energy lost in the flow is instantaneously available for melting and effectively ignored the contribution due to the initial thermal energy of the flood water. For jôkulhlaups, where this initial energy does not play a crucial role, this simplifying assumption holds better if the rate of heat transfer is more rapid than assumed by Nye. With hindsight one may now say that Nye's simplifying assumption was most likely never well justified on the basis of his equations.
The situation is not as favourable for the later developments of Nye's theory by Spring & Hutter (1981) and Clarke (1982) , who solve the original heat transfer equation without employing Nye's simplifying assumptions, either for the transfer of both potential and thermal energy (Spring & Hutter, 1981) , or for the thermal energy alone (Clarke, 1982) . The same applies to the jôkulhlaup simulation program used by Bjôrnsson (1992) (which was partly developed by the author of this paper). Clarke's and Bjôrnsson's analyses are equivalent to Nye's simplifications in the special case when the water in the reservoir is at the melting point, but they base their discussion of the effect of the reservoir temperature on Nye's flawed heat transfer formulation. Fowler & Ng (1996) , Szilder et al. (1997) , Fowler (1999) and Elvehoy et al. (2002) use simplifying assumptions similar to Nye's regarding an effectively instantaneous transfer of the loss of potential energy to ice melting and their analysis is therefore not affected by the flaw in the original heat transfer formulation. The transfer of the initial thermal energy of water in the reservoir assumed by Elveh0y et al. (2002) may, however, be wrong under most circumstances because the rapid heat transfer makes uniform distribution of initial thermal energy along the length of the channel unlikely.
Supercooled flood water at the terminus
Another interesting observation from the 1996 jôkulhlaup is the discovery of a widespread occurrence of frozen sediments in crevasses in the terminus region of Skeiôarârjôkull (Roberts et al, 2000a (Roberts et al, ,b,c, 2002 Russel & Knudsen, 1999a,b) . The sediments consist of sandur material embedded in a matrix of ice and have a well developed stratification parallel to the crevasse walls. They seem to have been formed by freezing of suspended sediments in supercooled flood water onto crevasse walls. Widespread crevasse and conduit fills observed on Skeiôarârjôkull after the jôkulhlaup are attributed by Bennet et al. (2000) to supraglacial meltwater flow possibly occurring during the 1991 surge of the glacier due to high subglacial water pressures. This seems far-fetched as the 1996 jôkulhlaup took place between the 1991 surge and the observations of Bennet et al. (2000) in the summer of 1998, and because supraglacial flow cannot account for the occurrence of the frozen sediments. Furthermore, no signs of supraglacier flow were observed during five reconnaissance flights over Skeiôarâr-jôkull during the 1991 surge (O. Sigurôsson, personal communication) . Crevasse and conduit fills were also observed on Sôlheimajôkull after the 1999 jôkulhlaup indicating that englacial sediment accretion caused by jôkulhlaups may be important under less dramatic circumstances (Roberts et al., 2000a (Roberts et al., ,c, 2002 .
The frozen sediments are centimetres to metres thick and they occur over large areas along the 23-km-long terminus of Skeiôarârjôkull. They are exposed by ablation during the summer in new locations every year, indicating that they were formed over a significant depth interval within the glacier. The ablation of ice since 1996 has revealed a complex network of interconnected fractures filled with fluvially deposited sediment over far more extensive areas than were affected by the outbursts observed in November 1996 . This shows that flood water reached high up into the glacier ice over extensive areas where the jôkulhlaup did not break through the ice surface. Since the Skeiôarârjôkull glacier is temperate, there is no other plausible mechanism for the creation of the frozen sediments than supercooled flood water. The melting point of ice along the floodpath down Skeiôarârjôkull becomes as low as -0.5°C in a region of approximately 800-m-thick ice 10-15 km from the terminus (Bjôrnsson, 1997) , and it is about -0.2°C below the 200-350-m-thick ice at the location of the outbursts near the terminus.
The appearance of supercooled water during the flood requires that the water first reaches temperatures below 0°C at a high pressure below the glacier and then flows rapidly towards lower pressure so that potential energy is not released fast enough in the flow to maintain the temperature at or above the local pressure melting point of ice. The average potential gradient in the flow of a jôkulhlaup from Grimsvotn can warm the flood water by 0.065°C for each km of the floodpath if no energy is lost to melting. Therefore, flood water that has reached -0.5 to -0.2°C at a high pressure below the glacier needs to flow a distance between 8 and 3 km subglacially before it encounters atmospheric pressure at an outlet in order to prevent supercooling. This means that supercooling is unlikely during the gradual upward subglacial flow of the flood water from the deep valley with 800-m-thick ice 10-15 km upstream from the terminus of Skeiôarârjôkull. Supercooling can, however, easily occur during an outburst through a slightly slanting crevasse through a 200-350-m-thick glacier if the water has a temperature between -0.2°C and -0.1 °C at high pressure at the bed.
Supercooling leads to the formation of ice particles since flowing water with suspended sediments cannot be maintained at a temperature below the melting point. The particles quickly float to the surface after the flood water exits from the glacier and form a mushy layer of floating ice particles or frazil ice on the surface of the flood. Such a layer covering several km" with an estimated thickness of 3-10 cm was observed in stagnant waters east of Skeiôarâ during the start of the 1996 jôkulhlaup (Snorrason et al, Skaftafellsbrekkur Fig. 3 The extent of the 1996 jôkulhlaup on the Skeiôarârsandur outwash plain at approximately 10:47 h on 5 November 1996 about 3 h after flood started at the terminus. The approximate extent of the flood waters covered with frazil ice is indicated as a hatched area. The location of the continuous temperature measurements at Skaftafellsbrekkur is also shown. 1997; O. Sigurôsson, and A. Snorrason, personal communications) (Fig. 3) . Frazil ice was also observed floating on the surface of the main flood but it is very difficult to estimate its average thickness.
The discharge in Skeiôarâ was of the order of 10 x 10 J m 3 s" 1 during the first 4 h of the flood when supercooling was occurring. The amount of heat released by the freezing was of the order of 0.7-7 x 10 14 J, if the area covered by frazil ice with a thickness of 3-10 cm in the ponded flood water was 1-2 km" and if the average thickness of the floating frazil ice over the approximately 200 km 2 of the main flood waters at around 11:00 h was 1-10 mm. The flood did not reach the shore until after the supercooling had ceased so the area of the flood waters at about 11:00 h may be used directly in these computations without considering discharge of frazil ice into the ocean. The heat required to raise the temperature of the flood water discharged during the initial 4 h of the flood by 0.1-0.2°C is of the order of 0.6-1.2 x 10 14 J. These observations show that the heat released by the freezing of the frazil ice is of the same order of magnitude as the heat required to raise the temperature of the flood water from near the pressure melting point below the glacier to approximately 0°C at atmospheric pressure at the outlet.
It follows from equation (6) that flood water starting at a temperature higher than Q e will approach but never become lower than Q e . Similarly, flood water that starts at a temperature lower than 8 e will approach but never become higher than Q e . The value of Q e must be between 8, and 0°C in order for 0" to become lower than 0°C, from which it follows that (d e -6,-) can only be a few tenths of a degree or less. Equation (8) then predicts that *k% is 1.5-3 km or less if (Q e -6,-) is 0.1-0.2°C or less. This low value of \$ is in good agreement with the length scale of the ice canyon near Grimsvôtn, described in the last section, and in clear disagreement with the heat transfer formulation of Nye (1976) which leads to much higher values of XQ.
Temperature of the flood water at the terminus
The temperature of the flood water in Skeiôarâ during the 1996 jôkulhlaup was recorded continuously at Skaftafellsbrekkur about 5 km downstream from the glacier outlet (Snorrason et al, 1997) (Fig. 4) . The air temperature at the start of the flood was about -8°C. The water temperature was exactly 0°C within the accuracy of the measurements during the first 4 h of the flood and increased to 0.025-0.1°C after that. These measurements indicate that ice particles formed by supercooling made the flood water work like an ice bath during the first hours of the flood. The amount of ice formed by supercooling seems to have decreased after that and the water temperature slightly increased during the flow from the outlet to the measurement location (the potential energy released by water flow down the 30 m altitude difference corresponds to 0.07°C in the water temperature). Therefore, the water temperature at the outlet seems to have been 0°C within a fraction of a degree when the discharge reached its maximum of about 50 x 10 m J s" 1 around 24:00 h on 5 November.
Only few measurements of the water temperature directly at the outlet during jôkulhlaups are available and no measurements were made at the outlets during the 1996 jôkulhlaup. Rist (1955) measured a temperature of 0.05°C at the Skeiôarâ outlet during the 1954 jôkulhlaup from Grimsvôtn (maximum discharge 10.5 x 10 J m J s" 1 ). He does not mention any variation in the temperature at the outlet during the course of the flood. The temperature of a jôkulhlaup in Skaftâ in the summer 1984 was measured at the outlet on the Skaftârjôkull glacier for 1000-1500 m J s" 1 discharge as 0.00 ± 0.05°C (Jôhannesson et al, 1985) .
These temperature observations indicate a rapid rate of heat transfer from the flood water, in an overall agreement with the conclusions drawn in the previous section from the observation of frozen sediments after the 1996 jôkulhlaup. Time starting at 08:00 on 5th November 1996 Fig. 4 The temperature of flood water in Skeiôarâ at Skaftafellsbrekkur (see Fig. 3 ) (data from Snorrason et al., 1997) . The figure starts at 08:01 h on 5 November 1996 when the initial flood wave passed by Skaftafellsbrekkur.
Nye's original heat transfer expression predicts 9 e -9,-values of the order of several °C or more for a wide range of jôkulhlaup discharges. This leads to the prediction that the heat transfer from the flood water is so slow that only a part of potential energy loss and the initial thermal energy of the flood water is used for melting. As a consequence, the flood water should appear with a temperature of several °C at the outlet at the terminus. Numerical simulations have shown that an initial water temperature of 10~20°C is needed to explain the rapid rise of jôkulhlaups from Skaftârkatlar by traditional jôkulhlaup theories (Bjôrnsson, 1992) . These computations predict water temperature at the outlet as 3.5-5°C, which is in clear disagreement with observations. Equation (7) is derived from an empirical expression for heat transfer in fluid flow in cylindrical pipes, but at the base of a glacier water may flow in wide and low, i.e. noncylindrical channels. One would expect the heat flow there to be more efficient than in a cylindrical channel, but not by orders of magnitude. It is relatively straightforward to adjust the heat transfer term in equation (5) to take into account the tunnel geometry, while keeping the relationship between the Nusselt, Reynolds and Prandtl numbers, on which the original formula is based (see Nye, 1976 ). Equation (7) , this length scale is 3-6 times shorter than given by equation (7). This is a step in the right direction but the heat transfer is still far too slow.
The floating frazil ice layer described above was interpreted by Snorrason et al. (1997) as the result of mechanical abrasion and break-up of glacier ice by the rapidly flowing flood water. Mixing of ice fragments, produced by mechanical break-up of glacier ice, with the flood water was mentioned as a possible explanation of the near 0°C water temperature and it was suggested that this process could be important for the formation of the subglacial pathway during the start of the jôkulhlaup. This process does not seem compatible with the total absence of ice particles of a significant size in the mushy ice layer. Furthermore, it is difficult to use this hypothesis to explain why the formation of the frazil ice primarily took place during the first hours of the flood and not later during even higher discharges.
PROPAGATION OF A SUBGLACIAL PRESSURE WAVE
An interesting observation from the 1996 event is the uniform, almost linearly increasing outflow during the first 16 h of the flood, before the discharge reached its maximum of about 40 x 10 J m J s" 1 (Bjôrnsson, 1997-Fig. 9; Bjôrnsson et al, 2001 ). The measured outflow from the reservoir does not seem to be affected by the outburst of the flood from the terminus. There is also no indication that the outflow is affected by the passage of the front of the flood wave through areas of different ice thickness and widely varying ice surface or bedrock slopes along the floodpath.
The measurements of outflow imply that there was little connection between the subglacial lake at Grimsvôtn and the propagating flood front further downglacier. The flood front was therefore not directly pushed forward by a pressure head extending all the way from the lake. Rather, the pressure wave at the flood front must have been propagating downglacier as an independent dynamical feature in the subglacial hydraulic system. The flood front was of course fed from behind by the water flow from the lake, but this flow must have been controlled by a local potential gradient and tunnel dimensions. A qualitative picture of the initiation of the 1996 event is shown in Fig. 5 . Firstly, the subglacial volume occupied by the flood water further than about 6 km from Grimsvôtn is created almost entirely by lifting of the glacier along the floodpath. The width of the floodpath is of the order of a kilometre, although this is not well known except close to Grimsvôtn, and the thickness of the subglacial water layer is of the order of 10 m (Bjôrnsson, 1997) . Secondly, the subglacial water pressure must be comparatively close to ice overburden except close to the propagating flood front. The total pressure head corresponding to the difference between the water level in Grimsvôtn and bedrock and ice surface elevations along the floodpath is of the order of 100 bars (10 MPa), whereas the observations indicate that the difference between the subglacial water pressure and the ice overburden is of the order of 10 bars (1 MPa) or less near the front. This means that the potential gradient dtyds in the subglacial water flow upglacier from the flood front must be such that the difference between the water pressure and the ice overburden is of the order of 10% or less of the total pressure head from the lake level to the propagating front. At the same time, the water pressure at the front must be maintained sufficiently in excess of the local ice overburden to drive the propagation of the front. It is not clear how such a delicate balance of the water pressure and the ice overburden at the flood front is maintained.
The relationship between discharge and potential gradient was in Nye's (1976) analysis of jôkulhlaups described by Manning's formula. For subglacial flow with horizontal dimensions much greater than the layer thickness it is: q=%-,4^W^)î^)
2'" n where q denotes discharge per unit width, the potential § is defined as (j) = Pn-gZb + Pwgh w +p m and s and z* denote distance along the floodpath and the altitude of the bedrock as before (the layer thickness h w is included in the expression for §, and the pressure p w is defined at the top of the water layer). This expression describes how the potential, and thereby the water pressure, vary down the floodpath as a function of the discharge. This equation shows that, for the same discharge, the potential decreases relatively rapidly in areas of a thin water layer. The potential decreases relatively uniformly down the floodpath shown in Fig. 5 , except in the bulge near the flood front where the potential gradient is smaller and the variation in the pressure tends towards a hydrostatic pressure distribution. This has interesting consequences for the difference Ap =/?". -/?,• between the water pressure and the ice overburden p, = p,gA,cos 2 \|/, where h, = z s -z* denotes the vertical the ice thickness and \|/ is the slope of the glacier. Since cost)/ ~ 1, this pressure difference may be written:
Hence, variations in Ap tend to be dominated by variations in z s rather than z/, because the z s term has about ten times higher weight compared with the zi, term. Since the glacier surface slopes toward the terminus, the highest values of Ap occur near the front of the bulge. If the bulge, where the potential gradient (-dtyds) is comparatively small, is several km long, then Ap is of the order of 10 bars higher at the front of the bulge than at the tail. This applies to both downsloping and upsloping parts of the subglacial geometry because the distribution of the pressure difference in the bulge arises mainly from the slope of the ice surface rather than from the bedrock. If the water pressure becomes locally higher than the ice overburden in a part of a subglacial pathway, the viscous lifting of the glacier may be roughly expressed as: 2h, (bJ2Y +l (ApY w = -(12) n + 2{ h i J { B J where w is the rate of lifting of the glacier, B and n are parameters in Glen's flow law (Paterson, 1994) and b w is the transverse width of the pathway. The pathway is assumed to be wider than the ice thickness, but much narrower than the downglacier dimensions of the glacier. This equation predicts a rate of lifting of the glacier in the range 0.4-40 m h"' for hi = 600 m, Ap = 5-10 bars and b n -= 1-2 km. This is of the right order of magnitude for a several-km-long bulge of 10-20 m height, propagating with a speed of 5 km h" 1 . Furthermore, it is assumed in Fig. 5 that Ap becomes negative at the tail of the bulge so that the glacier subsides a little in the wake of the bulge, thereby maintaining the geometrical form of the propagating front of the jôkulhlaup.
Complications associated with shearing ice motion in front of the bulge are ignored. Questions regarding the stability of the geometrical form of the bulge as it propagates downglacier are not addressed, requiring a more complete theoretical analysis. Nevertheless, the above analysis indicates that pressure differences that arise naturally in the propagating bulge shown in Fig. 5 are consistent with the speed of propagation of the front of the 1996 jôkulhlaup and observations of propagating areas of high subglacial water pressures near the terminus of Skeiôarârjôkull when the jôkulhlaup burst out of the glacier.
NEED FOR A NEW THEORY
Traditional theories of jôkulhlaups cannot explain several important aspects of the 1996 jôkulhlaup from Grimsvôtn. Some of these aspects were known before, but others, such as the frozen englacial sediments and the frazil ice on the surface of the flood waters indicating flow of supercooled water through the glacier, had not been observed before. The 1996 event thus highlights a need for a new theory capable of explaining these new aspects, but maintaining, of course, the part of the older theory that successfully explains the hydrographs of many slowly rising jôkulhlaups.
Two main aspects need to be addressed by an improved theory. Firstly, the subglacial water pressure must be able to become locally higher than the ice overburden, producing a subglacial pressure wave that can travel downglacier and push out a subglacial pathway through which the flood subsequently flows. The theory needs to explain why this happens only in some jôkulhlaups. In order to truly incorporate such propagating pressure waves, the theory must abandon an assumed simple geometry and allow both the height and width of the subglacial channel to be dynamically determined by the theoretical physical description based on the geometry of the bedrock and ice surface of the glacier. Secondly, the heat transfer from the flood water to the tunnel walls must be reformulated so that it is in agreement with the existing observations. Such a theory is not developed in any detail in this paper, but the simple semi-quantitative analysis of the start of the 1996 jôkulhlaup from Grimsvôtn, which is presented above, is intended to highlight the most important physics of a propagating subglacial pressure wave which needs to be explained by a new theory.
